Catalytic activity of perovskites for oxygen reduction (ORR) was recently correlated with bulk d-electron occupancy of the transition metal. We expand on the resultant model, which successfully reproduces the high activity of LaMnO 3 relative to other perovskites, by addressing catalyst surface morphology as an important aspect of the optimal ORR catalyst. The nature of reaction sites on low index surfaces of 
Introduction
Perovskites have been studied for their activity towards the oxygen reduction reaction (ORR) since the 1970s. [1] [2] [3] Interest in alkaline fuel cells (AFCs) has been renewed in the last decade because of the development of suitable hydroxide-exchange membrane materials allowing the alkaline equivalent of the Proton Exchange Membrane Fuel Cell (PEMFC). 4 In AFC systems low-cost transition metals (TMs) are both stable and catalyse the ORR well, in contrast to the acidic PEMFC where only expensive noble metal catalysts show suitable activity and stability in spite of decades of research. 5, 6 LaMnO 3 has been identified to be amongst the most catalytically active perovskites, and recent experiments on a range of perovskites suggest that the high performance is linked to the d 4 character of the Mn 3+ ion.
This has been attributed to the single Mn e g electron allowing for an interaction with O 2 molecules that is neither too strong nor too weak.
7,8
The strength of the TM-O 2 interaction has a significant effect on the activity of perovskite catalysts for the ORR. Previous analysis of the reaction mechanism has focused on the bulk electronic structure and simple models based on the covalent interaction of metals ions with adsorbed species. These models do not give full consideration to the important role of electron correlation in generating strong Jahn-Teller distortions of the MO 6 octahedra in the active d 4 (and d 7 ) perovskites. This gives rise to a symmetry breaking orbital ordering of the bulk crystal and, as will be shown below, significant variations in surface reaction sites.
There have been previous studies of the adsorption of oxygen on the surface of LaMnO 3 ,
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but the majority of studies have focussed on solid oxide fuel cell (SOFC) applications and therefore consider only the highly symmetric, high temperature, cubic phase. For the lower operating temperature of AFCs, it is the orbitally ordered orthorhombic phase that is relevant. [12] [13] [14] The schematic in Figure 1 shows that the orthorhombic distortion of the low temperature phase leads to a set of crystallographically distinct surfaces, which are likely to exhibit different reactivities. The manufacturing procedure and resulting surface terminations have also shown to play a crucial role in determining catalytic activity. 15 We use first principles calculations, which reproduce the effects of strong electronic correlation, to demonstrate that local Jahn-Teller (J-T) distortions play an important role in determining the interaction of O 2 molecules with LaMnO 3 surfaces. The insight gained is of direct relevance to the design of new catalysts.
Previous studies of O 2 adsorbtion on orthorhombic (P nma) LaMnO 3 have considered the (010) and (001) surfaces. 10, 16, 17 The studies focus on a range of adsorption modes and binding sites, again with consideration to the SOFC reaction mechanism. 10, 16 Among the likely reaction sites in an AFC environment, only the five coordinated Mn octaherdon (MnO 5 ) at the (001) surface has so far been the subject of first principles investigations.
17
None of the aforementioned studies specify whether the adsorption sites are J-T distorted, while our previous work 14 indicates that a significant local distortion produces Mn-O contacts that are either elongated (apical 2.31 Å) or shortened (equatorial 1.92/1.99 Å) relative to the undistorted octahedra that prevail in the cubic high temperature phase. As the O 2 binding energy is very sensitive to these local distortions, the use of a theory that takes into account strong on-site correlation is essential. This is severely underestimated in studies that use local or semi-local approximations (LDA or GGA) to density functional theory (DFT).
As the nature of O 2 adsorption on the surfaces of orthorhombic LaMnO 3 has yet to be 
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The use of binding energies to determine reactivity has been exploited in previous studies where a middle ground is sought between overly strong or weak binding of adsorbates for higher catalytic activity. 7, 8 We also use the charge transfer to the adsorbed molecule as an indication of the likelihood of reaction steps that depend on the oxidation of the metal site, and therefore assert that the combination of binding energy and charge transfer provide a strong indication of the catalytic activity of the sites considered. Figure 2: TEM image of a LaMnO 3 particle edge showing the Jahn-Teller distortion at the exposed surface of the (001) plane. In the overlaid schematics, a simulated HRTEM image is shown along with simulations of the atomic positions where La is grey, Mn is black, and O is red.
Results
To verify the existence of J-T distortion at the orthorhombic LaMnO 3 surface, TEM was performed on crystalline powder. A typical image is shown in Figure 2 in which the predicted J-T distortion of Mn-O octahedra in the bulk crystal is clearly visible and is perpetuated from the bulk to the surface. Heuristically, one would be inclined to propose a model for adsorption of O 2 on these distorted surfaces where binding is stronger at lower coordinated
Mn sites and at the shorter Mn-O bond provided by equatorial sites relative to the apical sites.
While the former is confirmed by our detailed study, the complex nature of the interaction between O 2 and the active sites leads to a non-intuitive dependence of adsorption strength with bond length.
The computed electronic and structural data for the adsorption of O 2 at each site is presented together with binding energies in Table 2 ) indicates a formal charge of -1 |e|. The computed occupations of the surface Mn-3d orbitals are documented in Table 3 . These reflect changes in the oxidation state of the surface sites. . This is accompanied by a large surface relaxation that may be interpreted as an anti-J-T distortion as the e g orbital is no longer occupied. Table S2 ). The adsorption geometry and charge transfer here suggest an alternative pathway for the ORR, via electron transfer from the surface rather than from a specific site, which has not been discussed in previous literature. Studies of O 2 adsorption on the La site have only been carried out for the high temperature cubic LaMnO 3 surfaces, where it is reported that binding is generally weaker than at Mn sites. 9 The (101) surface results in this adsorption mode as access to the Mn site in the second surface layer is sterically inhibited and the surface layer contains two La ions in close proximity ( Figure 6 ). . The corresponding initial adsorption modes are provided in Table 2. molecule. End on adsorption is known to be more energetically favourable than Lateral adsorption, perhaps due to lower interference with lattice O ions. 10 
For the MnO
Eq Bidentate 4 mode, the high binding energy can mostly be attributed to the stabilisation of both adsorption sites of the MnO 4 octahedron simulataneously, which effectively cancels out its undercoordination and massively stabilises the surface. 
Binding on the MnO

Discussion
Our current understanding of optimal ORR activity in d 4 and d 7 perovskites is based on the experimental study of a wide range of perovskites. 7 The data suggests that the requirement for the ORR mechanism to proceed optimally is the existence of a single e g electron in the TM-ion, that is able to form a covalent interaction with the adsorbate. As a consequence, The predicted relative inactivity of many sites on the catalyst may seem to be a strong contraindication for its use in alkaline fuel cells as only 20% of the catalyst surface is predicted to be the (001) surface. 18 This result does, however, suggest a route to optimisation of the catalyst through control of the crystallite morphology to maximise the area of the (001) facets. As the data presented makes it clear that the binding energy of O 2 is strongly affected by the distortion of the surface MnO 5 sites, we further propose optimisation routes that vary the Mn-O distances of the surface sites. This includes doping in nano crystalline powders or strain engineering in epitaxial thin films. These strategies are highly likely to be succesful in catalyst optimsation and their implementation has been shown to be acheivable in recent experiments on LaMnO 3 thin films.
23
Conclusions
This work details the structure and energetics of the adsorption sites on the (100), (001), (101) and (110) 
Methodology
Since previous studies have indicated that the ORR is catalysed via adsorption at a surface Binding energies In general computed surface binding energies are corrected for basis set superposition error (BSSE) using a counterpoise correction (CPC). [24] [25] [26] For systems studied in this work the CPC method is found to be inapplicable as strong charge rearrangements occur at the adsorption sites during relaxation. The BSSE is therefore estimated at the unrelaxed geometry. The details of this approach and the full list of binding energies obtained using the different methods of estimating BSSE is provided in the Supporting Information.
TEM The LaMnO 3 single crystal particles were synthesized using a co-precipitation method as described elsewhere. 7 High resolution transmission electron microscopy (TEM) was performed on a spherical aberration (Cs) corrected at the image plane FEI Titan 80-300 TEM operated at 300kV. For enhancement of the contrast in the micrographs, the corrector was set at negative spherical aberration imaging conditions and it was tuned to -13µm. 27 Simulations of the atomic positions to assist the interpretation of the high resolution micrographs were done using the multislice method in JEMS software.
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Computational Details We adopt the hybrid-exchange B3LYP functional for our DFT calculations, as it provides a description of strong on-site correlations and thus an accurate description of the energetics and electronic structure of systems in which strong electronelectron interactions result in electron localistion and orbital ordering (particularly for transition metal oxides). 
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The internal coordinates of the slab have been determined by minimization of the total energy within an iterative procedure based on the total energy gradient calculated with respect to the nuclear coordinates. Convergence was determined from the root-mean-square (rms) and the absolute value of the largest component of the forces. The thresholds for the maximum and the rms forces (the maximum and the rms atomic displacements) have been set to 0.00045 and 0.00030 (0.00180 and 0.0012) in atomic units. Geometry optimization was halted when all four conditions were satisfied simultaneously.
